Purpose: Estrogen exposure has been associated with the occurrence of Parkinson's disease (PD), as well as many other disorders, and yet the mechanisms underlying these relations are often unknown. While it is likely that estrogen exposure modifies the risk of various diseases through many different mechanisms, some estrogen-related disease processes might work in similar manners and result in association between the diseases. Indeed, the association between diseases need not be due only to estrogen-related factors, but due to similar disease processes from a variety of mechanisms.
Introduction
Parkinson's disease (PD) is a degenerative movement disorder that causes debilitating symptoms of tremor, rigidity, and bradykinesia usually occurring late in life. Sex is a consistently observed, but as of yet unexplained, risk factor for Parkinson's disease. Women are two-thirds as likely as age-matched men to develop Parkinson's disease.
Diseases such as breast cancer, endometrial cancer, and endometriosis are associated with increased cumulative exposure to estrogen. 11, 12 We might expect to see a decreased incidence of PD in women suffering from these diseases, if the mechanisms through which estrogen modulates risk in any of those diseases are similar to the mechanisms in PD. Both breast and endometrial cancers have been examined as precedent conditions in case-control studies of PD, and no association has been found; 13, 14 however, many studies have reported overall reduced cancer rates or mortality in PD patients. [15] [16] [17] [18] [19] [20] These reports suggest a pathogenic link between PD and cancer that may supersede any estrogen-related factors. There have not, however, been any studies of endometriosis, 11 as a precedent condition to PD.
Diseases related to decreased estrogen exposure
Osteoporosis is also associated with estrogen; reduced cumulative exposure to estrogen increases the risk of osteoporosis. 21 Osteoporosis has been studied in patients with PD, partially because of the increased likelihood of falls in PD patients that lead to fractures. 22 While the characteristic symptoms of postural instability in PD patients may explain the increased risk of fracture, lower bone mineral density (BMD) has also been observed in PD patients compared with age and sex matched controls, particularly in women. 22, 23 Suggested explanations for this difference include lower BMI, reduced exposure to sunlight, and lower vitamin D levels in people suffering from PD. Smoking, while related to both diseases, is a less likely explanation for the relationship as it may be associated with increased risk of osteoporosis, 24, 25 as compared with an association to decreased risk of PD. 26 It is also possible the association is due to a common estrogen related mechanism, increasing the risk of both diseases.
novel associations
The idea of a common mechanism behind different disease processes can extend beyond estrogen related disease processes. While a number of genetic causes of PD have been identified these only account for a small percentage of cases and only very few environmental or modifiable risk factors of PD have been positively confirmed. 27 Examining the entire range of preceding disease diagnoses in PD patients and controls may identify certain previously unsuspected risk factors for PD and provide insight as to common mechanisms behind diseases previously considered unrelated. Therefore, in this study, we will use a matched population based case-control study to compare the risk of PD after preceding diagnoses of the estrogen-related diseases endometriosis and osteoporosis, and also a wide range of disease diagnoses reported by female PD cases in the Danish National Registry of Patients.
Methods

Population and sample
The base population of this study is female Danish citizens identified in the Central Population Registry between 1982 and 2007. All Danish citizens are assigned a unique Central Population Registry (CPR) identification number which can be used to link the national registries. The Danish National Registry of Patients records all hospital admissions after 1977 and all outpatient and emergency visits after 1995. Each visit is identified with the CPR number of the patient, the date of the visit or hospital discharge, and a code for the primary diagnosis. 28 A total of 12,247 female Parkinson's disease cases were identified by searching the Danish National Registry of Patients for a first instance of a PD diagnostic code (ICD-8: 342, ICD-10: G20) recorded between 1982 and 2007. Ten controls matched to each case by birth year, being alive and PD free at the time of PD diagnosis (index date) of the matched case, were selected using risk-set sampling from the Central Population Registry using their unique CPR number. Cases or controls were excluded when a diagnostic code for one of the following diseases was reported before the index date: Parkinsonism or secondary Parkinsonism (n = 159), unspecified motor neuron disease (n = 9),
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Disease diagnoses preceding Parkinson's disease or unspecified hereditary neuromuscular disorder (n = 5) to avoid misclassification. After these exclusions a final sample of 12,093 cases and 122,411 controls remained.
Data collection
The exposure variables relating to preceding disease diagnoses were also derived from the National Registry of Patients. For each case and control, the date and diagnostic code for all recorded hospital discharges or outpatient visits between 1977 and the index date of each subject were collected. This information was then used to create the estrogen related or other disease related exposure variables.
Analytic variables
First, exposure variables were created for two estrogen related diseases, endometriosis and osteoporosis. Subjects were coded as positive for endometriosis if an endometriosis diagnostic code (ICD-10: N80; ICD-8: 625.3) was recorded more than five years before their index date for the study. If no endometriosis diagnostic codes were recorded for a subject, or the codes were first recorded within five years of the index date, then the subject was coded as negative for endometriosis. The induction period of five years was selected to allow for some variation around an average lag of two years observed between the onset of the first symptoms of PD and clinical diagnosis of PD. 29 The same method and induction time of five years was used to create two osteoporosis exposure variables. The first variable was defined strictly from diagnoses of osteoporosis appearing in the registry (Osteoporosis diagnostic codes: ICD-10: M80-M81; ICD-8:723). As osteoporosis may be s ignificantly under-recorded in the registry of patients, a second variable was created, which included the above osteoporosis diagnostic codes as well as codes for hip, spine, and forearm fractures which are typically associated with osteoporosis (ICD-10: S120-S129, S220-S221, S320-S328, S520-S529, S720-S721; ICD-8:805, 808, 813, 820). 30, 31 The Danish National Registry of Patients includes diagnosis codes based on both ICD-8 (1977 ICD-8 ( -1993 and ICD-10 (1993-present) . There are over 10,000 different diagnostic codes used in the registry. To create exposure variables for all other preceding disease diagnoses, these individual ICD codes were grouped into disease categories based on the ICD-8 list of 300 causes for tabulation of hospital morbidity and the ICD-10 tabulation list for morbidity. All ICD codes are assigned to a single morbidity category in each of these tabulation lists, allowing a morbidity category to be identified for each ICD-8 and ICD-10 code from the registry of patients. The morbidity categories of the two tabulation lists were compared, and in many cases, the categories remained the same from ICD-8 to ICD-10 allowing the categories to be directly combined. In other cases, multiple categories from the ICD-8 tabulation list needed to be combined into one category to be consistent with the ICD-10 tabulation list, and vice versa. Diagnostic codes and categories relating to external causes or injuries and routine hospital visits were excluded. A final list of 202 categories combining the ICD-10 and ICD-8 diagnostic codes was identified (see Appendix Table S1 ) and each case and control was defined as positive or negative for each disease category based on whether they had a recorded diagnostic code for that category more than five years before their index date.
Analytic methods
The distribution of ages and years of enrollment were determined for the cases and controls. The proportion of cases and controls with endometriosis and osteoporosis were calculated, and conditional logistic regression (CLR) was used to calculate the odds ratios (OR) for risk of PD after diagnosis of endometriosis and osteoporosis individually, conditioning on year of birth and year of enrollment. In addition, the CLRs were repeated stratifying the sample into older (.75 years) and younger age-at-index date (#75 years) groups. To identify new associations between PD and other preceding conditions, CLR was similarly used to calculate the OR for risk of PD associated with each of the 202 morbidity categories, conditioning on year of birth and year of enrollment.
In order to identify the robust associations from the over 200 associations produced by this analysis, Empirical 
156
Latourelle et al Bayes (EB) methods 32 were used to shrink the effect for each morbidity-PD association towards the null in proportion to the variance of the OR. Fifty-five morbidity categories with fewer than five cases were excluded from the EB analysis to provide a baseline level of stability in the estimates. The 147 remaining estimates were used to calculate adjusted P-values and ORs for each category.
Results
The distribution of ages and year of enrollment of the final sample of 12,093 cases and 122,411 controls is shown in Stratifying by age at index date suggests that this marginal increase is driven by a stronger positive association with PD in women age 75 and under, with an OR of 1.49 (95% CI of 1.05-2.11), while in women over the age of 75 there is no increase in risk of PD (OR = 0.9, 95% CI of 0.36-2.24). A test of homogeneity of the odds ratios, however, did not show a significant difference between the two groups (P = 0.31).
Diagnosis of osteoporosis appears to have no effect on later risk of PD, either in the entire sample or in either age strata, with ORs very close to the null in all cases (Table 2b ). Table 2c shows the same results, however, including osteoporotic fractures as well as osteoporosis diagnoses in the definition of the exposure. This definition shows a much higher prevalence of osteoporosis in the population and shows a slight increased risk of PD in women with osteoporosis with an OR of 1.18 (95% CI of 1.08- 1.28) . This risk appears to be somewhat greater in women age 75 and under at index date, with an OR of 1.35 (95% CI of 1.14-1.61), but also appears in women over the age of 75 (OR = 1.13, 95% CI of 1.03-1.24).
For each of the 147 morbidity categories an effect estimate (the natural log of the odds ratio, (lnOR) was obtained. Figure 1 shows a histogram of these 147 observed effect estimates and the effect estimates are normally distributed. In any random set of predictors, we might expect to see a normal distribution centered around the null with an equal number of positively associated predictors and negatively associated predictors. In this case, however, the distribution of effect sizes is not centered on the null value of zero. Many more morbidity categories were positively associated than were negatively associated, with a mean effect size across all 147 categories of 0.22, SD of 0.25 and a range from -0.53 to 1.15.
Empirical Bayes adjustment was used to shrink the 147 effect estimates towards the mean estimate to identify the robust associations. After adjustment, 23 categories showed an association to PD with P , 0.05. The original and adjusted ORs and the adjusted P-value for these 23 categories are shown in Table 3 , grouped together by similar pathways or outcomes. Consistent with the distribution seen in Figure 1 , 
157
Disease diagnoses preceding Parkinson's disease these 23 robust associations were in a casual direction, not protective. The association with the lowest P-value after adjustment was with neurotic, somatoform, and stress related disorders, which had an adjusted OR of 2.16 and adjusted P-value of 1.5E-07. The 10 morbidity categories with the most protective adjusted ORs are shown in Table 4 . Only three morbidity categories showed any protective effect after adjustment and none had P , 0.05. Original and EB adjusted results for all categories are shown in the Appendix Table S2 .
Discussion
Endometriosis did not show the hypothesized protective association with PD, in fact the younger category of women demonstrated a moderately increased risk of PD associated with endometriosis in this study. These results suggest that the observed estrogen related effects in these two diseases likely do not work through similar mechanisms. One point to consider is that endometriosis is primarily diagnosed in young women, and is dependent on high circulating levels of estrogen. 33 PD is primarily seen in older women and may be more affected by cumulative estrogen exposure rather than current estrogen levels, 6, 7 suggesting different estrogen related mechanisms of action. Estrogen naturally occurs in many forms, including 17-β estradiol, estrone, and estriol, which circulate at different levels as women age. [34] [35] [36] In older women, circulating levels of estradiol, the most common estrogen during the reproductive years, decrease and estrone becomes the most common estrogen. Therefore, it is also possible that the estrogen related effects of these two diseases may be specifically related to different forms of the hormone. Another factor may be the limited control for confounding effects of treatments or other by-products of the initial disease process in this study. Women suffering from endometriosis may be treated with oral contraceptives or in severe cases by hysterectomy, which have both been observed in other studies to be associated with increased risk of PD. 7, 37 Further study, including prescription and treatment information, would be warranted for these findings.
It is also of interest to note that the positive association appears to be only in women enrolled into the study before the age of 75. As endometriosis is most commonly diagnosed at a much younger age than PD, it is very likely that the older age group has increased misclassification due to the left censoring of the exposure data at 1977. It is possible this apparent difference in the ORs is due to a bias of the observed effect toward the null in the older group.
On the other hand, osteoporosis (defined with osteoporotic fractures) showed an increased risk of later PD diagnosis in both older and younger women. This result is consistent with the known protective effects of estrogen on both diseases. Notably, unlike endometriosis, both PD and osteoporosis 
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Latourelle et al tend to occur later in life and may be more likely to work through similar processes. Osteoporosis defined strictly by the registry diagnoses, not including osteoporotic related fractures, did not show any association to later PD risk. This null result could be due to a number of reasons. Diagnoses of osteoporosis are under-reported in the Danish registry of patients, with incident rates approximately 8% of expected, and often patients whose osteoporosis is first identified by an osteoporotic fracture are listed only under the fracture codes. 31 Therefore, using only osteoporosis diagnostic codes likely results in severe misclassification, particularly among younger women. If this misclassification was non-differential, 
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Disease diagnoses preceding Parkinson's disease as expected given the design, it could result in a substantial bias towards the null, explaining the differing results between the two definitions. However, an alternative explanation could be due to increased fractures in PD cases due to early PD symptoms of postural instability. Postural instability is a classic symptom of PD and can lead to falls in PD cases; one study found a 38% risk of falling in PD cases. 38 However, postural instability is usually characteristic of later stages of PD, with the time until first fall an average of 9 years after the onset of the earliest symptoms, which are typically tremor or bradykinisia. 39, 40 Therefore, it is unlikely that a large number of PD cases would have a PD-related fall five or more years before first appearance of a PD code. Nevertheless, the observed association is small (OR = 1.18) and possible bias should be considered, especially as it may point to a longer preclinical, symptomatic phase of PD than often considered.
Empirical Bayes adjustment was used to identify novel associations warranting further investigation from analyses of 147 selected morbidity categories identified from the national registry of patients. Using a cutoff of an EB adjusted P-value of 0.05 identified 23 morbidity categories of interest. In comparison, using the same P-value cutoff on the unadjusted results would identify 61 categories for follow-up and using a Bonferroni P-value correction for 147 contrasts (P = 0.00034) would have resulted in the identification of 24 categories of interest (Appendix Table S2 ). The EB method showed a similar reduction in potential false-positive findings as the conventional method, while likely improving the accuracy of the process by using the observed variance of the data to provide more precise estimates of association.
Many of the strongest associations identified after the EB analysis are psychological or neurological disorders (Table 3) . Some of these associations, particularly to certain neurological diseases, may be due to long-term misdiagnoses before identifying the case as PD. The strong associations seen between PD and neurotic disorders, depression, and other mental and behavioral disorders more than 5 years before PD diagnosis may suggest that psychological symptoms; which are known to be associated with both PD and dopamine levels, may be noticed in PD patients long before any traditional clinical signs of the disease manifest. Alternatively, this association could also be consistent with a common mechanism causing a susceptibility to loss of neurotransmitters. Examination of mental disorders before PD have shown consistent associations with increased risk of PD in both case-control and cohort studies. 41 A study examining both depression and anxiety disorders before PD found that the increased risk of PD seen after depression was attenuated when restricting depression diagnosis to more than 5 years in the past. Anxiety disorders however, continued to predict increased PD risk even when restricting to a lag of over 20 years between the diagnoses. 42 This pattern suggests depressive disorders may be more likely to represent early signs of PD, while anxiety disorders may be more likely to be associated with a casual mechanism.
Several of the other most strongly associated preceding conditions could be grouped together with other related c onditions. Alcohol abuse, as well as liver disease and pancreatitis (diseases often associated with alcohol abuse), all show a strong increased risk of subsequent PD. Cirrhosis of the liver, which is often caused by alcohol abuse, has been associated with symptoms of Parkinsonism, and may be associated with the accumulation of excess levels of manganese which is related to the liver disease. 43 These symptoms are distinct from idiopathic PD, although they may cause misclassification of PD cases that would bias the results for these associations, particularly in the liver disease category.
Alcohol use and abuse has been reported in some studies as protective of PD. [44] [45] [46] Nevertheless, the finding of alcohol abuse related diseases positively associated with PD in this sample of Danish women is consistent with a prospective cohort study conducted in the United Kingdom, which found no overall association between alcoholism and PD, although the study did find an OR of 2.7 (95% CI 1.1-6.8) when only women were studied, albeit in a small number of cases. 47 Taken together, these findings are suggestive that the effect of alcohol on PD risk may be sex-specific. Interestingly, several studies have found an association between alcohol consumption and elevated circulating estrogen levels in premenopausal women and postmenopausal women using hormone replacement therapy (HRT) and not using HRT. [48] [49] [50] [51] Also of interest is the finding that several different inflammatory diseases (eg, rheumatism, cystitis, acute pancreatitis among others) associated with later risk of PD. Inflammation has been a topic of considerable study in the pathogenesis of PD, as inflammatory markers have been observed in the brains of PD patients. 52 While the me chanism is uncertain, and continued investigation is examining whether this inflammation is a cause or a by-product of PD related neurodegeneration, these associations to inflammation related (albeit very clinically diverse) diseases could be suggestive of a common inflammation related mechanism. Finally, we also note several diseases related to the gastrointestinal system and malnutrition associated with increased PD risk, which may be suggestive of a malabsorption related mechanism for PD risk.
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The distribution of effects seen across the 147 morbidity categories were substantially skewed towards associations with increased risk (Figure 1 ). Very few associations showed a protective effect. Nevertheless, the most protective or least causal associations (identified in Table 4 ) are not unexpected findings. The known protective effect of smoking on PD is a likely reason for the nearly negative association between bronchitis, emphysema, and other chronic obstructive pulmonary diseases and PD. Several of the least causally associated categories are estrogen related, including: delivery without complications; pregnancies that had an abortive outcome; and malignant neoplasm of the cervix uteri and other female genital organs, consistent with the original hypothesis of the study, that conditions associated with estrogen may be associated with decreased risk of PD. The lack of protective associations observed in this study may be due to a form of Berkson's bias in this sample. Berkson's selection bias is based on the idea that people with two or more medical conditions are more likely to be hospitalized than people with only one medical condition. Higher rates of disease diagnosis may occur in people who seek out medical attention more frequently.
Strengths and limitations
This study is based on national registry data, and thus includes all female PD cases in Denmark, diagnosed between 1982 and 2007, with well-matched controls. All exposure data are also derived from the registry and are not subject to recall bias. Nevertheless, the results of these studies are limited in the ability to control for confounding, in particular by treatments associated with the preceding disease as well as important risk modifiers of PD and other diseases such as smoking. In addition, the use of hospital morbidity categories may provide less than ideal definitions for exposure categories. In some cases, rarer or less well understood diseases with very different causes and etiologies may be combined into one morbidity category. The study is further complicated by the uncertain latent and induction period for PD, although the insight into potential early preclinical signs of PD may be of equal importance to understanding the disease process as the understanding of causal mechanisms. It is not possible to distinguish whether observed associations arise from a causal effect of the preceding disease or from common causal mechanisms underlying the etiology of both PD and the paired diseases.
Conclusion
In conclusion, the findings of a positive association between osteoporosis and PD and the relatively negative association seen to estrogen related morbidity categories in the EB analysis provides further evidence of estrogen related neuro-protection against PD. The finding of no association between endometriosis and PD, however, does not support this protective relationship. The lack of association between PD and endometriosis may indicate different estrogenic effects on the disease process; for example, a neuro-protective mechanism based on long-term estrogen exposure and less dependent on high levels of estrogen at a given time, which may be more influential in endometriosis. In addition, several novel associations to PD were identified using EB analysis, which may lead to future insight into the disease process.
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